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ABSTRACT
HI intensity mapping is a new observational technique to survey the large-scale
structure of matter using the 21 cm emission line of atomic hydrogen (HI). In this
work, we simulate BINGO (BAO from Integrated Neutral Gas Observations) and SKA
(Square Kilometre Array) phase-1 dish array operating in auto-correlation mode. For
the optimal case of BINGO with no foregrounds, the combination of the HI angular
power spectra with Planck results allows w to be measured with a precision of 4%,
while the combination of the BAO acoustic scale with Planck gives a precision of 7%.
We consider a number of potentially complicating effects, including foregrounds and
redshift dependent bias, which increase the uncertainty on w but not dramatically; in
all cases the final uncertainty is found to be ∆w < 8% for BINGO. For the combination
of SKA-MID in auto-correlation mode with Planck, we find that, in ideal conditions,
w can be measured with a precision of 4% for the redshift range 0.35 < z < 3 (i.e.,
for the bandwidth of ∆ν = [350, 1050] MHz) and 2% for 0 < z < 0.49 (i.e., ∆ν =
[950, 1421] MHz). Extending the model to include the sum of neutrino masses yields a
95% upper limit of
∑
mν < 0.24 eV for BINGO and
∑
mν < 0.08 eV for SKA phase 1,
competitive with the current best constraints in the case of BINGO and significantly
better than them in the case of SKA.
Key words: methods: data analysis – radio continuum: galaxies – radio lines: galaxies
– cosmology: cosmological parameters, dark energy, large-scale structure of Universe
1 INTRODUCTION
In recent years, the cosmic microwave background (CMB)
has been the main observational tool for cosmology. Sensi-
tive measurements of the CMB power spectrum have been
able to constrain the standard cosmological model with great
accuracy (Planck Collaboration et al. 2016a). This standard
model, known as ΛCDM, has only six parameters. More
parameters lead to degeneracies and limit the constraining
power of the CMB. This is due to the fact that the CMB is
basically a snapshot of the Universe at z ≈ 1090 and there-
fore gives us only 2-dimensional information about this par-
ticular time in the cosmic evolution. The next step towards
precision cosmology will therefore need to use the extra in-
formation that can be obtained by measuring the large-scale
structure of the Universe across cosmic time, principally at
? E-mail:lucas.olivari@postgrad.manchester.ac.uk
† E-mail:clive.dickinson@manchester.ac.uk
lower redshift, so that, in this case, the properties of dark
energy can be constrained. This can be done through large
optical or near-infrared galaxy surveys. Several of such sur-
veys are now under way or in preparation, such as BOSS
(SDSS-III) (Dawson et al. 2013), DES (Abbott et al. 2016),
eBOSS (Zhao et al. 2016), J-PAS (Benitez et al. 2014), DESI
(Levi et al. 2013), LSST (LSST Dark Energy Science Col-
laboration 2012), and Euclid (Amendola et al. 2013).
It is possible, however, to perform redshift surveys in
the radio waveband using the 21 cm radiation from neutral
hydrogen (HI) to select galaxies (Abdalla & Rawlings 2005).
One particular way to do a radio redshift survey is through
a technique called HI intensity mapping (IM). HI IM mea-
sures the intensity of the redshifted 21 cm line over the sky
in a range of redshifts without resolving individual galaxies
(Madau et al. 1997; Battye et al. 2004; Peterson et al. 2006;
Loeb & Wyithe 2008). The main advantages of HI IM com-
pared to optical galaxy surveys are (i) a large volume of the
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Universe can be surveyed within a relatively short observing
time; (ii) the redshift comes directly from the measurement
of the redshifted 21 cm line; (iii) all the signal is recorded,
including gas in between galaxies; and (iv) HI is expected to
be a good tracer of mass with minimal bias (e.g., Padmanab-
han et al. 2015; Pe´nin et al. 2017). Moreover, as cosmologi-
cal measurements become more precise, independent probes
and analyses will become important for understanding sys-
tematic errors (e.g., Pourtsidou et al. 2016; Wolz et al. 2016;
Hall & Bonvin 2017; Carucci et al. 2017).
Using the HI signal in cross-correlation with the Wig-
gleZ galaxy survey data, the Green Bank Telescope (GBT)
has made the first detection of the HI signal in emission at
z ≈ 0.8 (Chang et al. 2010; Masui et al. 2013; Wolz et al.
2017). This detection showed that the HI IM is indeed a fea-
sible tool to study the large-scale structure of the Universe
but also that it is extremely challenging. The main difficul-
ties are the astrophysical contamination and the systematics
that are present in the observed HI signal. At ∼ 1 GHz, the
most relevant foregrounds are the Galactic emission, mostly
synchrotron radiation, and the background emission of ex-
tragalactic point sources (Battye et al. 2013). These emis-
sions are at least four orders of magnitude larger (T ∼ 10 K)
than the HI signal (T ∼ 1 mK). The main systematics,
for a single-dish experiment, are the 1/f noise, standing
waves, and radio-frequency interference (RFI). The removal
of these foregrounds and systematics is then a key challenge
for the future HI IM experiments. Recent simulation work
has shown that the existing foreground removal methods can
recover the true HI power spectrum to within 5% (Shaw
et al. 2014; Alonso et al. 2015; Wolz et al. 2014; Switzer
et al. 2015; Olivari et al. 2016), although over-subtraction
of the HI signal can bias the recovered spectrum in a scale-
dependent way. As we will discuss in this work, this may
lead to a bias on some cosmological parameters if we want
to use the shape of the power spectrum to constrain them.
We consider two experimental setups. We focus on the
BINGO (BAO from Integrated Neutral Gas Observations)
(Battye et al. 2013; Bigot-Sazy et al. 2015; Battye et al.
2016) concept, which is a proposed single-dish IM experi-
ment that aims at mapping the HI emission at frequencies
from 960 to 1260 MHz (z = 0.13–0.48) over ∼ 3000 deg2.
BINGO corresponds to a “stage II” experiment under the
specifications of the Dark Energy Task Force (Albrecht et al.
2006; Bull et al. 2015). We also make a comparative study
with the SKA (Square Kilometre Array) (Maartens et al.
2015). Here we consider the Phase 1 of the SKA-MID instru-
ment, which will be composed of ∼ 200 dishes working as a
single-dish telescope. Although they will not be considered
in this work, there are also other post-reionization epoch
experiments planned such as the Canadian Hydrogen Inten-
sity Mapping Experiment (CHIME) (Bandura et al. 2014),
Tianlai Telescope (Chen 2012), Five hundred metre Aper-
ture Spherical Telescope (FAST) (Smoot & Debono 2017),
and Hydrogen Intensity and Real-Time Analysis experiment
(HIRAX) (Newburgh et al. 2016).
There are two ways of analyzing the data obtained from
HI IM experiments. First, we can use the 2-dimensional HI
maps observed by them, one for each of their frequency
channels (redshift bins), to calculate a set of angular power
spectra. These power spectra can then be used to constrain
the cosmological parameters exactly like it is done with the
CMB angular power spectrum. No fiducial cosmology or fil-
tering of the data is necessary in this case. Another way is
to isolate the baryon acoustic oscillations (BAO) from the
measured HI power spectrum and use the BAO signal alone
to constrain the cosmological parameters, in special the dark
energy equation-of-state w (Battye et al. 2013; Villaescusa-
Navarro et al. 2017). In this technique, the power spectrum
of the 2-dimensional distribution of the HI signal is com-
puted and, assuming that the HI power spectrum is only bi-
ased relative to the underlying dark matter distribution by
some overall scale-independent constant, the acoustic scale,
which is a function of the cosmological parameters, can be
extracted with the help of some fitting formula of the BAO
wiggles. Using the power spectrum amplitude and shape pro-
vides more information (Rassat et al. 2008) and therefore
allows a larger number of extensions of the ΛCDM model,
such as models that have primordial fluctuations that are
scale dependent or that include massive neutrinos, to be
studied. A disadvantage is that the overall amplitude of the
HI signal, governed by the ΩHI parameter, has to be taken
into account in the analysis. This will then increase the un-
certainty on w and since the amplitude of the signal is im-
portant in this case, we become susceptible to any bias due
to the foreground cleaning process.
The success of both techniques depends on a proper un-
derstanding of how the distribution of the HI is related to
the distribution of the dark matter. To properly constrain
our cosmological parameters we have then to assume an an-
alytical expression for the HI bias and let the parameters of
the assumed model to be free in our analysis (e.g., Sarkar
et al. 2016). It has been stated before that in optical galaxy
surveys the bias between the observed signal and the dark
matter has a more significant effect on the full shape of the
power spectrum than in the BAO wiggles (Verde et al. 2002;
Tegmark et al. 2004; Mehta et al. 2011). In this work, how-
ever, we will find that the use of the power spectrum as
our cosmological observable is more powerful than the use
of the BAO wiggles alone, this being true even in the pres-
ence of extra nuisance parameters such as the HI bias and
HI amplitude.
We organize this paper as follows. In Section 2, we de-
scribe the experimental parameters that are used in our
BINGO and SKA-MID simulations. In Section 3, our sim-
ulations for the different components of the observed sky
(HI signal, foregrounds and thermal noise) are described. In
Section 4, the component separation and statistical meth-
ods that are used in our analysis are described. In Section 5,
we describe and discuss the results that we have obtained.
Finally, in Section 6, we make our final remarks and conclu-
sions.
2 EXPERIMENTAL SETUPS
In this section, the two experimental setups that are used in
this work, BINGO and SKA-MID phase 1, are described.
2.1 BINGO
BINGO is a single-dish experiment that aims to map the HI
emission at frequencies from 960 to 1260 MHz (z = 0.13–
0.48). We consider 40 frequency channels, which, as we
c© 2002 RAS, MNRAS 000, 1–18
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Table 1. Instrumental and observing parameters for the BINGO and SKA simulations.
Parameters Experiment
BINGO SKA-MID band 1 SKA-MID band 2
Redshift range, [zmin, zmax] [0.13, 0.48] [0.35, 3.0] [0, 0.49]
Bandwidth, [νmin, νmax] (MHz) [960, 1260] [350, 1050] [950, 1421]
Channel width, ∆ν (MHz) 7.5 17.5 11.25
Number of feed horns, nf 50 200 200
Sky coverage with the Galactic mask, Ωsur (deg
2) 2900 25000 25000
Observation time, tobs (yrs) 1 0.5 0.5
System temperature (mean), Tsys (K) 50 31 17
Beamwidth (mean), θFWHM (arcmin) 40 122 66
choose the frequency channels to be equally spaced in the
given bandwidth, gives us a channel width of 7.5 MHz. The
choice of the number of frequency channels is determined
by the component separation performance, which, in gen-
eral, improves with an increasing number of channels (Oli-
vari et al. 2016). For this work, we find that 40 channels is
enough to give us a good reconstruction of the HI signal.
Similar to Bigot-Sazy et al. (2015), we consider circular
Gaussian beams for the frequency channels of the experi-
ment. For simplicity, we fix the full-width at half-maximum
θFWHM of the beam for all frequency channels to be equal
to 40 arcmin, which is the angular resolution of the BINGO
telescope at 1 GHz (Battye et al. 2013).
For our simulations, we assume that the BINGO tele-
scope maps a 15◦ declination strip centred at −5◦ as the sky
drifts past the telescope. The declination of −5◦ has been
chosen to minimize the foreground emission, which is low-
est between −10◦ and 10◦ declination, and to maximize the
survey area (Dickinson 2014). For the observation time, we
assume one full year of on-source integration.
We use a Galactic mask to cover the area of the sky
where the synchrotron emission of our Galaxy is brightest.
Our Galactic mask is given by one of the Planck HFI masks
(GAL070), which gives us a final sky coverage of ≈ 7%. To
avoid boundary artifacts in our power spectrum estimation,
we use a cosine apodization of width 3.5◦ in our final mask.
The instrumental parameters for the BINGO simulation
are listed in Table 1.
2.2 SKA-MID
Here we consider Phase 1 of the SKA-MID instrument.
We assume there will be 200 15 m diameter dishes with
total-power dual polarization receivers, operating as a set
of single-dish telescopes. This means that we are consider-
ing only the auto-correlation mode in this work, and not the
cross-correlations i.e., visibilities from correlating the output
from two dishes (interferometry) (Bull et al. 2015; Santos
et al. 2015). We make this choice so that we consider only
one type of IM experiment through this entire work: single-
dish IM. The SKA-MID is going to have two bands: band
1, from 350 MHz to 1050 MHz (0.35 < z < 3), and band 2,
from 950 MHz to 1421 MHz (0 < z < 0.49). Band 1 has an
expected average receiver temperature of Trec = 23 K and
band 2, Trec = 15.5 K (Bull 2016). The final system temper-
ature can be approximated by
Tsys(ν) = Trec + 20 K
(
408 MHz
ν
)2.75
. (1)
The survey full-width at half-maximum is given by
θFWHM(λ) = 1.11
λ
D
, (2)
where λ is the wavelength of the observed signal and D
is the SKA dish diameter (D = 15 m). The scaling fac-
tor of 1.1 comes from measurements of the SKA-MID pri-
mary beam models (Robert Lehmensiek priv. comm.). The
reason for us to fix Tsys and θFWHM for BINGO and not
for SKA-MID is that the later’s bandwidth is significantly
larger than the former’s, which makes the fixing of these
two quantities to an average number to not be a good ap-
proximation for SKA-MID. The observing time that we con-
sider is 6 months (around 4500 hours) and the survey area
is Ωsurv = 25000 deg
2 (Bull 2016). As we do not consider
the case of SKA with foregrounds, we do not use here any
Galactic mask. The SKA dishes are assumed to be fixed at
a constant elevation of 50◦. Again, we will use 40 frequency
channels, giving us a channel width of 17.5 MHz for band 1
and 11.25 MHz for band 2. In this work we do not consider
the “full” (phase 2) SKA, which is expected to be ∼ 10 times
more powerful than in phase 1 (Maartens et al. 2015).
The instrumental parameters for the SKA simulation
are listed in Table 1.
3 SKY MODEL
We now explain the components of our simulated radio
sky: HI emission, HI shot noise, astrophysical foregrounds
(Galactic synchrotron, Galactic free-free, and extragalac-
tic point sources), and thermal noise from the BINGO and
SKA experiments. We use the HEALPix package (Go´rski
et al. 2005) to produce maps with a resolution Nside = 128
(pixel size ≈ 27 arcmin) and a maximum multipole `max =
3Nside − 1 = 383.
c© 2002 RAS, MNRAS 000, 1–18
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3.1 HI Emission
The mean observed brightness temperature due to the av-
erage HI density in the Universe can be written as (Battye
et al. 2013; Olivari et al. 2016)
T¯ (z) = 44µK
(
ΩHI(z)h
2.45× 10−4
)
(1 + z)2
E(z)
, (3)
where ΩHI(z) = 8piGρHI(z)/(3H
2
0 ), with h =
H0/100 km s
−1Mpc−1 and E(z) = H(z)/H0.
In a linearly perturbed Universe, the 2D angular power
spectrum of the HI intensity can be constructed over some
frequency range. Ignoring the effects of peculiar velocities
(i.e., the redshift-space distortion effect) and the Sachs-
Wolfe effect, we can obtain the 3D quantity δT (r(z)nˆ, z)
from Eq. (3) by replacing ρHI (this quantity is present in
the definition of ΩHI(z) above) with δρHI. Using a window
function W (z), which we take as uniform in the observed
redshift range, the projection on the sky of the tempera-
ture perturbation, δT (nˆ), is defined by (Battye et al. 2013;
Olivari et al. 2016)
δT (nˆ) =
∫
dzW (z)T¯ (z)δHI(r(z)nˆ, z), (4)
where δHI = δρHI/ρHI.
Making a spherical harmonic transform, we obtain
δT (n̂) = 4pi
∑
`,m
i`
∫
dzW (z)T¯ (z)
∫
d3k
(2pi)3
δ̂HI(k , z)
× j`(kr(z))Y ∗`m(k̂)Y`m(n̂), (5)
where j`(x) is the spherical Bessel function and Y`m(x) are
the spherical harmonics. This expression gives the harmonic
coefficients
a`m = 4pii
`
∫
dzW (z)T¯ (z)
∫
d3k
(2pi)3
δˆHI(k, z) (6)
× j`(kr(z))Y ∗`m(kˆ).
As the angular power spectrum C` is defined by the ensemble
average
C` =
1
(2`+ 1)
∑
m
|a`m|2, (7)
the angular power spectrum for the HI signal is given by
C` =
2
pi
∫
dzW (z)T¯ (z)D(z)
∫
dz′W (z′)T¯ (z′)D(z′)
×
∫
k2dk bHI(z, k)bHI(z
′, k)Pc(k)j`(kr(z))j`(kr(z
′)),
(8)
where bHI(z, k) is the bias between the spatial distribution
of the HI and the dark matter, Pc(k) is the underlying
dark matter power spectrum, and D(z) is the growth factor
for dark matter perturbations, which is defined such that
D(0) = 1.
The calculation of the exact HI angular power spec-
trum via Eq. 8 is computationally demanding. We choose
to simplify the calculation by using the Limber approxima-
tion (Limber 1953), which assumes a flat-sky and thin-shell
model and is a good approximation to large ` (` & 50)
(Loverde & Afshordi 2008), to perform the k integral,(
2
pi
)∫
k2dkbHI(z, k)bHI(z
′, k)Pc(k)j`(kr)j`(kr
′) (9)
= b2HI
(
z,
`+ 1/2
r
)
Pc
(
`+ 1/2
r
)
δ(r − r′)
r2
.
Writing cdz′ = H0E(z′)dr′, we can use the δ-function to
easily perform the dr′ integral and deduce
C` =
H0
c
∫
dzE(z)
[
W (z)T¯ (z)D(z)
r(z)
]2
× b2HI
(
z,
`+ 1/2
r
)
Pc
(
`+ 1/2
r
)
.
(10)
The matter power spectrum Pc(k) today can be computed
using the software CAMB (Lewis et al. 2000). To generate
our maps we use the routine synfast (Go´rski et al. 2005).
The main consequences of using the Limber approxi-
mation in our simulations are two: an overestimation of the
auto-spectra and an underestimation of the cross-frequency
spectra (the cross-frequency spectra are actually zero in the
Limber approximation). These two effects, however, roughly
compensate one another so that, in the end, the HI total
power is correctly estimated. For example, if we define the
total HI power by
SHI =
∑
`
∑
i,j
CHI` (zi, zj), (11)
which is what is used to constrain the cosmological parame-
ters in this work (see Eq. 21), we obtain, for a channel width
of ∆ν = 7.5 MHz and 40 frequency channels, which is the
configuration that is assumed in our BINGO simulations,
the following values
Exact Calculation: SHI = 0.0399 mK
2,
Limber Approximation: SHI = 0.0406 mK
2.
Thus, by assuming the Limber approximation, we obtain an
error on the total HI power of just 1.7%, which justify the
use of this approximation given the context of this work, i.e.,
the use of simulated emissions and the assumption that the
redshift-space distortion effect is negligible.
3.2 HI Shot Noise
Since the sources that emit the HI signal are discrete,
the measured auto-spectra have a shot noise contribution
as well as a clustering contribution, which we described
in Section 3.1. Given an angular density of sources N¯(z),
we have that the shot noise power spectrum is given by
Cshot` = T¯
2(z)/N¯(z) (Hall et al. 2013), where T¯ (z) is the
HI background temperature given by Eq. 3. By assuming a
comoving number density of sources of n0 = 0.03h
3 Mpc−3
(Masui et al. 2010), we obtain an angular density of sources
N¯(z) given by
N¯(z) =
n0c
H0
∫
r2(z)
E(z)
dz. (12)
c© 2002 RAS, MNRAS 000, 1–18
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Figure 1. Simulated astrophysical emissions (Galactic synchrotron, Galactic free-free, and extragalactic point sources) (left) and HI
emission (right) at 1 GHz (z ' 0.42). The maps are centred at Galactic coordinates (30◦, 120◦) and cover a 60◦ × 60◦ patch of the sky.
The maps resolution is 40 arcmin. The astrophysical foreground emissions are approximately four orders of magnitude brighter than the
HI emission at this frequency (redshift). The colour scale is linear.
3.3 Foregrounds
3.3.1 Synchrotron Emission
The synchrotron emission of our Galaxy arises from en-
ergetic charged particles accelerating in its magnetic field
(Rybicki & Lightman 2004). The frequency scaling of syn-
chrotron flux emission is often approximated in the form of
a power-law, Iν ∝ να, over a limited range of ν. In terms of
the Rayleigh-Jeans brightness temperature, we have T ∝ νβ ,
with β = α−2. There is evidence that the synchrotron spec-
tral law is not a constant power-law, instead it has a curva-
ture as the frequency increases (Kogut et al. 2007). In order
to model this, we generalize the frequency dependency of
the synchrotron brightness temperature to
T ∝ νβ+C log(ν/νp), (13)
where C is the curvature amplitude and νp is a pivot
frequency. Positive values of C flatten and negative ones
steepen the spectral law for increasing frequency. Here we
use C = −0.3 and νp = 1 GHz, which is a generalization of
the 23 GHz result of Kogut (2012). This makes the spectral
response of the foregrounds more complex and more difficult
to remove during component separation.
For the synchrotron radiation we use as a template the
reprocessed Haslam et al. (1982) map at 408 MHz of Re-
mazeilles et al. (2015). As for the parameter β, we consider
it to be spatially variable. For this, we use the model given
by Miville-Descheˆnes et al. (2008), which used WMAP inten-
sity and polarization data to do a separation of the Galactic
components. In this model the synchrotron spectral index
has a mean value of −3.0 and a standard deviation of 0.06.
3.3.2 Free-Free Emission
The free-free emission of our Galaxy arises from the interac-
tion of free electrons with ions in its ionized media (Rybicki
& Lightman 2004). At radio frequencies, this comes from
warm ionized gas with typical temperature of Te = 10
4 K.
The optical Hα line is a good tracer of free-free emission
although it requires corrections for dust absorption. To pro-
duce a free-free template we use dust-corrected Hα map of
Dickinson et al. (2003), at an angular resolution of 1◦. We
have added small-scale fluctuations in order to increase the
effective angular resolution required for our simulations. In
doing this, we follow the approach used in Delabrouille et al.
(2013), which simulates a Gaussian random field with the
appropriated power spectrum and with the same statistics
(mean and variance) as the original template map and add
this Gaussian signal to the original 1◦ Hα map.
The free-free brightness temperature is then given by
Tff ≈ 10 mK
(
Te
104 K
)0.667 ( ν
GHz
)−2.1(IHα
R
)
, (14)
where IHα is the Hα template.
3.3.3 Extragalactic Point Sources
Extragalactic radio sources are an inhomogeneous mix of
radio galaxies, quasars, star-forming galaxies, and other ob-
jects, which can be considered as point-like relative to the
typical angular resolution used in a IM experiment. The con-
tribution of point sources, Tps, to the observed sky can be
calculated from the differential source count, dN/dS, repre-
senting the number of sources per steradian,N , per unit flux,
S. A number of compilations of source counts are available.
We choose to use data collected from continuum surveys at
1.4 GHz between 1985 and 2009, as described in Battye et al.
(2013). We also use the fifth order polynomial that was fit-
ted by Battye et al. (2013) to these data as our source count
dN/dS.
Assuming that we can subtract all sources with flux
density S > Smax, where Smax = 10 Jy, we can calculate the
c© 2002 RAS, MNRAS 000, 1–18
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mean temperature
T¯ps =
(
dB
dT
)−1 ∫ Smax
0
S
dN
dS
dS, (15)
where dB/dT = 2kBν
2/c2, ν is the observed frequency, c
is the speed of light and kB is the Boltzmann constant. We
find T¯ps ≈ 137 mK at 1.4 GHz for Smax = 10 Jy.
There are two contributions to the fluctuations on this
background temperature. The first is due to randomly (Pois-
son) distributed sources. The second, if the sources have a
nontrivial two-point correlation function, is a contribution
due to clustering.
Poisson distributed sources have, for Smax . 0.01 Jy, a
white power spectrum given by
CPoisson` =
(
dB
dT
)−2 ∫ Smax
0
S2
dN
dS
dS. (16)
In the limit of a large number of sources, the intensity dis-
tribution becomes well approximated by a Gaussian distri-
bution. However, for 0.01 < S < 10 Jy, the source density
on the sky becomes too low and we must inject these bright
sources in real (map) space. To do this, we first estimate the
mean brightness temperature by
Tps(ν, nˆ) =
(
dB
dT
)−1
Ω−1pix
N∑
i=1
Si(ν), (17)
where Si(ν) is the flux of the point source i at frequency ν
and Ωpix is the pixel size. We then randomly distribute in
the sky N of sources with flux S(ν) such that these sources
respect our source count.
The power spectrum due to the clustered sources can
be simply estimated as Ccluster` = w`T¯
2
ps, where w` is the
Legendre transform of their angular correlation function,
w(θ). The clustering of radio sources at low flux densities
(<10 mJy) is not well known. To make an estimate, we use
w(θ) measured from NVSS, which can be approximated as
w(θ) ≈ (1.0 ± 0.2) × 10−3θ−0.8 (Overzier et al. 2003). Leg-
endre transforming this using a numerical calculation gives
w` ≈ 1.8× 10−4`−1.2.
We assume a power-law frequency scaling for the point
source brightness temperature, Tb ∝ να, and randomly
choose the value of α for each pixel of the simulated map
from a Gaussian distribution,
P (α) =
1√
2piσ2
exp
[
− (α− α0)
2
2σ2
]
, (18)
with a mean of α0 = −2.7 and a width distribution of σ =
0.2 (Bigot-Sazy et al. 2015).
The astrophysical emissions are much brighter than the
HI emission. In Fig 1, we show a patch of the foreground
sky at 1 GHz and a patch of the HI fluctuations at the same
frequency. We choose an area of the sky outside the Galactic
plane, where the Galactic emission is brightest, because we
use a Galactic mask when performing the component sepa-
ration step in our analysis. Nevertheless, as can be seen in
this figure, the difference in scale between the foregrounds
and the HI signal is significant even in the areas of the sky
where the Galactic emissions are minimal.
3.4 Thermal Noise
Similar to Olivari et al. (2016), we consider only thermal
noise in this work. This means that the simulated noise re-
spects a uniform Gaussian distribution over the sky. Conse-
quently, we do not consider 1/f noise, which has been con-
sidered in Bigot-Sazy et al. (2015), for instance, and other
sources of systematic errors, such as standing waves, cali-
bration errors and RFI, which are going to be present in the
real data. The theoretical noise level per beam of a total-
power, dual polarization, single-dish experiment is given by
the radiometer equation (Wilson et al. 2013)
σt =
Tsys√
tpix∆ν
, (19)
where ∆ν is the frequency channel width, Tsys is the sys-
tem temperature, and tpix is the integration time per beam
defined by
tpix = nftobs
Ωpix
Ωsur
, (20)
where nf denotes the number of feed horns, tobs is the total
integration time, Ωsur is the survey area, and Ωpix = θ
2
FWHM
is the beam area.
With the help of Eq. (19), we can find the noise ampli-
tude of BINGO and SKA-MID. Assuming ∆ν = 7.5 MHz,
the BINGO thermal noise sensitivity per beam and per chan-
nel is σt = 26µK. The SKA-MID band 1 average thermal
noise sensitivity per beam is σt = 7.5µK and that the SKA-
MID band 2 average thermal noise sensitivity per beam is
σt = 9.1µK.
4 METHODS
In this section we briefly review two key analysis meth-
ods. The first is the GNILC method (Section 4.1), which
is used to extract the cosmological HI signal from the ob-
served signal in the presence of foregrounds. The second
is our methodology to estimate the cosmological parameter
from the observed power spectra. We do this via a likelihood
(Section 4.2), which allows the full posterior probability dis-
tribution to be mapped out.
4.1 Component Separation: GNILC
To perform any HI IM experiment we need to subtract the
astrophysical contamination that will be present in the ob-
served signal. It is therefore important to quantify the po-
tential contaminating effects of foreground residuals. In this
work, we use the Generalized Needlet Internal Linear Com-
bination (GNILC) method (Remazeilles et al. 2011; Olivari
et al. 2016) as our component separation technique. The
GNILC method is very versatile. It has been used in sev-
eral contexts before. In Planck Collaboration et al. (2016c),
for instance, it has been successfully applied to Planck data
to disentangle two components of emission that suffer from
spectral degeneracy, the cosmic infrared background (CIB)
anisotropies and the Galactic thermal dust emission, and
in Olivari et al. (2016), it has been shown to work for
HI IM experiments. The GNILC method uses both fre-
quency and spatial information to separate the components
of the observed data, which makes it to perform better than
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Figure 2. Fractional uncertainties in the recovered angular power spectrum for the BINGO experiment (fsky = 0.07) for redshift
z = 0.13 (left) and z = 0.48 (right). We plot the ratio between the different sources of uncertainty (cosmic variance, shot noise and
thermal noise) and the HI angular power spectrum, ∆C`/C
HI
` , as a function of multipole. For the cosmic variance we use the standard
formula, ∆C`/C` =
√
2/(2`+ 1)fsky∆`, and for the thermal and shot noise we make ∆C` to be equal to their angular power spectrum
multiplied by the cosmic variance factor,
√
2/(2`+ 1)fsky∆`.
traditional frequency space Principal Component Analysis
(PCA) and frequency-space parametric fitting.
The GNILC method can be divided into two main steps.
First, using a prior on the HI and the thermal noise power
spectra, the local ratio between the HI plus noise signal and
the total signal is determined. This prior is given by the
sum of the theoretically known HI power spectrum and the
theoretically known noise power spectrum. Note that this
prior is blind about the particular realization of the HI plus
noise signal that is found in the observed (here, simulated)
sky. This ratio is then used to perform a constrained PCA
of the data to determine the effective dimension of the HI
plus noise subspace. The second step is a multimensional
ILC filter, which is done within the HI plus noise subspace
found in the previous step. The ILC filter minimizes the
foreground contamination that may still be present in the
HI plus noise subspace. In the constrained PCA step, the
number of principal components of the observation covari-
ance matrix is estimated locally both in space and in angu-
lar scale by using a wavelet (needlet) decomposition of the
observations. To make the selection of the principal com-
ponents (foregrounds) of the observation covariance matrix,
a statistical information criterion, the Akaike Information
Criterion (Akaike 1974), is used. For more details of the for-
malism, see Olivari et al. (2016).
4.2 Likelihood
Once we have a set of reconstructed HI plus noise maps, we
can use these maps to calculate their angular power spec-
tra and perform cosmological parameter estimation to study
the large-scale properties of the Universe. We do this via a
Bayesian likelihood analysis that allows the full posterior
probability distribution to be mapped out. Assuming that
the HI plus noise signal is approximately Gaussian, we can
make a likelihood analysis using the calculated C`’s, exactly
as it is done for CMB. Since we are using the entire shape
of the angular power spectrum, this increases the amount of
information that can be obtained from an HI IM experiment
compared to a simple BAO analysis (Rassat et al. 2008).
Since we will be observing over some fraction of the
sky, fsky, there is a non-negligible correlation between the
different multipoles. In order to avoid calculating the covari-
ance matrix between the different multipoles, which makes
the calculation of the likelihood computationally demand-
ing, we bin our angular power spectrum with a multipole
resolution that respects the constraint ∆` > pi/γmax, where
γmax is the maximum angular resolution of the experiment.
This makes the bins nearly independent simplifying the anal-
ysis. For BINGO, we have γmax ≈ 15◦ so that we can choose
∆` = 12, while for SKA, we have γmax ≈ 100◦ so that we
can choose ∆` = 4. Binning is not a problem as long as the
spectrum is smooth on scales ∼ ∆`, which is the case for
both BINGO and SKA.
We use the likelihood expression derived by Verde et al.
(2003):
− 2 lnL = fsky∆`
∑
i,`
(2`+ 1) (21)
×
[
ln
(
Cth,i` + C
s,i
` +N
i
`
Cob,i`
)
+
Cob,i`
Cth,i` + C
s,i
` +N
i
`
− 1
]
,
where Cth,i` is the theoretical HI angular power spectrum for
channel i (see Eq. 10), Cs,i` is the estimator of the shot noise
power spectrum for channel i (see Section 3.2), N i` is the
estimator of the thermal noise power spectrum for channel
i, and Cob,i` is the power spectrum of the observed HI plus
noise map for channel i.
The likelihood has three sources of uncertainties: cos-
mic variance, shot noise and thermal noise. The relative
contribution of these uncertainties vary with multipole, `.
In general, the shot and thermal noise also varies with fre-
quency/redshift. For the BINGO simulations, however, we
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Table 2. Cosmological parameters that we use in our analysis.
For each parameter, we give the prior range and the value assumed
in the baseline cosmology.
Parameters Prior range Baseline
Ωbh
2 [0.005, 0.1] 0.02224
Ωch2 [0.001, 0.99] 0.1198
h [0.2, 1.0] 0.6727
τ [0.01, 0.8] 0.081
ns [0.9, 1.1] 0.9641
ln (1010As) [2.7, 4.0] 3.096
w [−3.0, −0.33] −1∑
mν (eV) [0, 5] 0.06
ΩHI (×104) [4.0, 8.0] 6.2
make, for simplicity, the thermal noise to be independent of
frequency. For the much larger bandwidth of SKA-MID, on
the other hand, we do account for this dependency (see Sec-
tion 2.2). As an example of the relative behaviour of these
uncertainties, we plot the ratio of them to the HI angular
power spectrum, ∆C`/C
HI
` , as a function of ` for two val-
ues of redshifts for the BINGO experiment in Fig. 2. We see
that the cosmic variance is the dominating source of uncer-
tainty for large scales (` . 250) and that the thermal noise
dominates at the small scales (` & 250). At very low red-
shifts (z . 0.15) and large angular scales (` . 100) the shot
noise has the same order of magnitude as the BINGO ther-
mal noise, but they remain negligible compared to cosmic
variance. In our analysis, we are ignoring any extra uncer-
tainty on the measurement of the HI power spectra that
arises from the foreground cleaning procedure. If we were
to do this, the error bars on our power spectrum would in-
crease. It should be noted, however, that, because GNILC
projects the observed data into a subspace dominated by
HI plus noise and performs an ILC analysis restricted to
it, it makes, by construction, the foreground residual to be
sub-dominant to the HI plus noise signal. The effects of the
foregrounds, however, are analyzed in a different context –
the bias that may arise on the quantification of the HI power
spectrum after a foreground cleaning procedure – in Section
5.2.
To obtain constraints on the cosmological parameters,
we then perform a Bayesian analysis using Eq. (21) as our
likelihood. For this we use a modified version of the Cosmo-
SIS software (Zuntz et al. 2015) and use the emcee sampler
(Foreman-Mackey et al. 2013) for our Monte-Carlo Markov
Chain (MCMC). The emcee sampler is a form of MCMC
that uses an ensemble of ‘walkers’ to explore the parameter
space. Each walker chooses another at random and proposes
along the line connecting the two of them using the Metropo-
lis acceptance rule. For the number of chains, we use one for
each walker, with the number of walkers, nw, being deter-
mined by the emcee constraint: nw & 2np − 1, where np is
the number of free parameters in the analysis. Our MCMC
chains have at least 25000 sampling points and we stop them
Table 3. Cosmological parameters for the ΛCDM model plus the
HI density parameter. The Planck constraints are from the 2015
release and include temperature and polarization data. BINGO
constraints are from simulated data when considering the op-
timal case of HI signal plus thermal noise only (no systemat-
ics/foregrounds).
Parameters Planck Planck + BINGO
Ωbh
2 0.02224± 0.00016 0.02216± 0.00013
Ωch2 0.1198± 0.0014 0.1209± 0.0008
h 0.6727± 0.0063 0.6678± 0.0037
τ 0.081± 0.017 0.075± 0.016
ns 0.9641± 0.0047 0.9610± 0.0040
ln (1010As) 3.096± 0.033 3.087± 0.032
ΩHI (×104) . . . 6.31± 0.12
when all the parameter means and standard variations have
become stable.
For our BAO wiggles analysis (see Section 5.5), we as-
sume that our likelihood respects a standard Gaussian dis-
tribution and that the different acoustic scales, which are a
function of redshift, are independent from each other.
5 RESULTS
We now present the main results of our work, which are the
forecasted parameter constraints for various scenarios and
experimental setups.
5.1 BINGO: Optimal Case
Before considering the more realistic case of simulating
BINGO data with foregrounds, we consider the optimal case
with thermal and shot noise only, which means that we pro-
duce maps with HI signal and thermal noise and use these
maps in our cosmological analysis without performing any
component separation.
To make use of the likelihood Eq. (21), we need to cal-
culate the angular power spectra of our maps. We do this by
using the HEALPix routine anafast (Go´rski et al. 2005)
and consider the multipole range 20 6 ` 6 360, which cor-
responds to angular scales ≈ 10◦ to ≈ 0.5◦. We do not use
multipoles below 20 to constrain our cosmological parame-
ters because BINGO has a limited sky coverage and does
not probe the HI angular power spectrum at the very large
angular scales.
To constrain the cosmological parameters, we combine
the BINGO simulated data with the Planck 2015 cosmologi-
cal results. For this, we use the Planck 2015 Plik lite likeli-
hood, which has the Planck nuisance parameters marginal-
ized as described in Planck Collaboration et al. (2016b).
We use the Planck 2015 CMB temperature and polariza-
tion power spectra (Planck Collaboration et al. 2016b). We
consider three cosmological models in our work: ΛCDM,
wCDM, and ΛCDM with massive neutrinos. Table 2 lists
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Figure 3. Left : Dependence of the HI angular power spectrum, `(`+ 1)C`/2pi, with the dark energy equation-of-state, w. For larger
w, the HI angular power spectrum amplitude decreases and the BAO peaks move to larger scales. The opposite happens for smaller
w: the amplitude increases and the BAO peaks move to smaller scales. We plot the HI angular power spectrum at z = 0.3 with ∆ν =
7.5 MHz. Right : Dependence of the HI angular power spectrum on redshift for a fixed cosmology. For low redshifts (z < 0.2), the HI
power, including the BAO peaks, is concentrated on large angular scales (` < 100). For higher redshifts, the HI power and the BAO
peaks become more spread out in multipole space such that the HI signal contains now more power on small scales.
the baseline cosmological parameters and ranges that we
consider in our analysis, the results of which are presented
in the following subsections.
5.1.1 ΛCDM
The current standard cosmological model is known as the
ΛCDM model. This model corresponds to a spatially-flat,
expanding Universe whose dynamics is governed by Gen-
eral Relativity and whose constituents are dominated at
late times by cold dark matter (CDM) and a cosmologi-
cal constant, Λ. The primordial seeds of structure formation
are given by adiabatic fluctuations that respect a Gaussian
distribution and that have an almost scale-invariant spec-
trum. This model is described by only six parameters: the
baryon density today, Ωbh
2, the cold dark matter density
today, Ωch
2, the Hubble parameter, h, the amplitude of the
primordial curvature perturbation, As, the scalar spectrum
power-law index, ns, and the optical depth due to reion-
ization, τ . In addition to these parameters we also have the
parameters related to the HI signal. Initially we assume that
the HI bias, bHI, is a constant equal to 1 so that the HI sig-
nal adds just one extra parameter to the set of six ΛCDM
parameters: the ΩHI parameter (assumed for now to be inde-
pendent of redshift), which determines the overall amplitude
of the HI signal. In Section 5.3 and 5.4, we make the HI sig-
nal depend on more free parameters and analyze how these
generalizations might affect the expected constraints on the
cosmological parameters.
When we combine Planck with BINGO, we have a re-
duction in the uncertainties of the ΛCDM parameters com-
pared to Planck only. The most significant is the improve-
ment by a factor of 2 on the uncertainty on the Hubble
parameter, h, as can be seen in Table 3. BINGO adds
significantly more information at low redshift (z . 0.5)
which helps break the degeneracies between h and other
parameters when considering primordial CMB data alone.
We also find that the Planck -plus-BINGO 6-parameter 1σ-
uncertainty volume is smaller than that for Planck alone by
80%. We note that the uncertainty we obtain here for ΩHI
is an optimistic value since we are ignoring the calibration
uncertainty that would to be present in the real data. Never-
theless, our results show that if the calibration uncertainty
is not too large (. 1%), BINGO has the potential to de-
tect the HI signal overall amplitude with a good precision
(∆ΩHI/ΩHI ≈ 2%).
5.1.2 wCDM
Despite the observational success of the ΛCDM model, it is
important to probe new physics beyond what is assumed in
this model. One is related to the accelerated expansion of
the Universe. The most straightforward candidate for dark
energy is the cosmological constant Λ, which has a constant
equation-of-state parameter w = P/ρ = −1. This model,
however, exhibits some theoretical shortcomings such as the
discrepancy between the value of the vacuum energy ob-
tained through observations and the theoretically estimated
value – the so-called fine tuning problem of the cosmologi-
cal constant. Most of the alternative models for dark energy
that attempt to avoid the problems in the ΛCDM model
make use of a dynamical field to describe the dark energy,
e.g. quintessence (Peccei et al. 1987; Ratra & Peebles 1988).
The simplest way to describe these models is by making the
equation-of-state w 6= −1 but a free w = w0 parameter. This
phenomenological model is known as the wCDM model.
In Fig. 3, we show how the dark energy equation-of-
state changes the shape and amplitude of the HI angu-
lar power spectrum and how the HI angular power spectra
evolve with redshift for a fixed cosmology. The evolution of
the HI angular power spectrum with redshift depends mostly
on the growth of the dark matter structure, which, for lower
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Figure 4. 2-dimensional likelihood contours for h and w for
Planck (green) and Planck plus BINGO for the optimal case
without foregrounds (red). The significant shrinking of the 2-
dimensional contour that we obtain shows the power of BINGO
data to break the degeneracy between h and w with CMB data
alone. The black star corresponds to the baseline value of the
parameters.
redshifts, depends, among other parameters, on w. For these
reasons, the HI IM is able to break the degeneracy between h
and w, allowing the dark energy equation-of-state to be con-
strained much better than CMB data alone. This is clearly
visible in Fig. 4, where we plot the 2-dimensional contours
for these two parameters for BINGO plus Planck and for
Planck alone. The mean and 1σ error (68% constraint) on
w that we obtain by combining Planck with BINGO is
w = −1.00± 0.04. (22)
This means that a 4% constraint could be achieved directly
with a single IM experiment such as BINGO when combined
with Planck results.
We now compare the forecasted Planck plus BINGO
result with most recent combined constraints on w. Planck
Collaboration et al. (2016a) showed that by using the
Planck temperature, polarization and lensing data, the
6dFGS, SDSS-MGS, and BOSS-LOWZ BAO measurements
of DV /rdrag (Beutler et al. 2011; Ross et al. 2015; Anderson
et al. 2014), the CMASS-DR11 anisotropic BAO measure-
ments of Anderson et al. (2014), the JLA supernova sample
(Betoule et al. 2014), and the Hubble parameter (Efstathiou
2014), the 95% constraint on the dark energy equation-of-
state is w = −1.019+0.075−0.080. In comparison, we find that the
95% constraint of the combination of BINGO and Planck
is w = −0.996+0.072−0.081, which has basically the same lower
and upper limits than the previous result. More importantly,
however, is the fact that IM surveys provide an alternative
and independent cosmological probe, having a particular set
of systematics (which will likely be different to other probes),
which means that it has the potential to improve the confi-
dence in dark energy results from current and future optical
and near-infrared surveys.
We now make a few comments about our results. First,
when using the HI angular power spectra, we find that what
is mostly constraining the dark energy is their overall am-
Figure 5. 2-dimensional likelihood contours for ΩHI and w for
Planck plus BINGO without foregrounds (green) and Planck plus
BINGO with the foregrounds cleaned by the GNILC method
(red). The degeneracy between these two parameters is evident:
both affect the overall amplitude of the HI angular power spec-
trum. Also note the bias on the parameters due to the slight un-
derestimation of the HI power by the GNILC method. The black
star corresponds to the baseline value of the parameters.
Figure 6. Marginalized posterior distributions for
∑
mν from
Planck (blue) and Planck plus BINGO without foregrounds
(green). Note the improvement that we obtain on
∑
mν by com-
bining the BINGO simulated data with Planck data. The dashed
line is the baseline value
∑
mν = 0.06 eV.
plitude and shape, and not the BAO peaks. For instance,
when we artificially remove BAO wiggles from the HI power
spectra using the Eisenstein & Hu (1998) approximation for
the Pc(k), we obtain w = −0.98 ± 0.05, which is not sig-
nificantly different from the value in Eq. (22). Second, it
should be noted that the equation-of-state parameter has
a degeneracy with ΩHI since both change the overall am-
plitude of the HI power spectrum. This degeneracy can be
seen in Fig. 5. This means that, by fixing ΩHI to its baseline
value, we should obtain a better constraint on w, which is
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Figure 7. Left : Power spectra, `(`+ 1)C`/2pi, at redshift z = 0.3, of the theoretical HI plus noise signal (black), the HI plus noise signal
as reconstructed by GNILC in the presence of foregrounds (red), and the HI plus noise signal calculated from the input map without
foregrounds (blue). Right : Fractional difference between the GNILC reconstructed power spectrum and the theoretical power spectrum,
which, for a perfect foreground cleaning process, should be equal to zero. The error bars in both plots include cosmic variance, thermal
noise, and shot noise uncertainties. The mean value of the red dots is −3.1%.
indeed what we find: w = −1.02± 0.02, which is a factor of
2 better than the reference value of a 4% uncertainty on w.
5.1.3 Massive Neutrinos
The detection of solar and atmospheric neutrino oscillations
proves that neutrinos have mass (Ahmad et al. 2001; Fukuda
et al. 1998), with at least two species being non-relativistic
today. The measurement of the absolute neutrino mass scale
is of interest for both experimental particle physics and ob-
servational cosmology.
The main effect of total neutrino mass for CMB is
around the first acoustic peak and is due to the early in-
tegrated Sachs-Wolfe (ISW) effect (Lesgourgues & Pastor
2012). The total neutrino mass also affects the angular-
diameter distance to last scattering, and can be constrained
through the angular scale of the CMB first acoustic peak.
However, this effect is degenerate with ΩΛ and h in flat mod-
els. The use of CMB lensing or late-time measurements, like
the BAO peaks of the HI power spectrum, can help in reduc-
ing this degeneracy. We therefore consider another extension
of the ΛCDM model with massive neutrinos. To do this we
let the sum of neutrino masses,
∑
mν , to be a free param-
eter. Here, for simplicity, we assume two massless and one
massive neutrino with a mass equal to
∑
mν .
Figure 6 shows the improvement on the marginalized
posterior distributions for
∑
mν by considering BINGO plus
Planck when compared with the Planck case only. The 95%
upper limit that we obtain on
∑
mν from using Planck only
and combining Planck with BINGO are∑
mν < 0.79 eV [Planck], (23)∑
mν < 0.24 eV [Planck + BINGO]. (24)
Again, we see that the IM data is having a large impact on
the final uncertainty relative to CMB data alone.
We now compare the Planck plus BINGO result with
the current constraints on
∑
mν . The best 95% upper limit
given by Planck Collaboration et al. (2016a), which com-
bines CMB, BAO, JLA, and H0, is
∑
mν < 0.23 eV,
which is slightly stronger than the projected constraint from
Planck plus BINGO that we quoted above. However, we
emphasize that we are not using JLA and H0 data in the
analysis above; when we do this we obtain the following con-
straint:
∑
mν < 0.20 eV. The most important fact, however,
is not the value itself, but the fact that this is an indepen-
dent measurement of
∑
mν . As constraints (upper limits)
improve towards the lower limit, independent measurements
will be crucial in determining the true value of
∑
mν if sys-
tematic errors are playing a significant role.
5.2 BINGO: Effects of the Foregrounds
To have a more realistic forecast of the BINGO experiment,
we now investigate the impact of foregrounds emission on
our projected constraints. We consider as our foregrounds
the Galactic synchrotron, the Galactic free-free and the
extragalactic point sources emissions, as described in Sec-
tion 3.3. To clean this astrophysical contamination, we use
the GNILC method (see Section 4.1).
For the frequency channel corresponding to the redshift
z = 0.3, we plot in Fig. 7 the theoretical HI plus noise power
spectrum, the binned GNILC HI plus noise power spectrum,
and the binned input HI plus noise power spectrum (calcu-
lated from the BINGO patch without any foreground) for
the multipole range 20 6 ` 6 360 that we consider in our
analysis. We also plot the normalized difference of the in-
put power spectrum and the GNILC reconstructed power
spectrum, which, for a perfect foreground cleaning process,
should be equal to zero. As can be seen in Fig. 7, in clean-
ing the foregrounds contamination, the GNILC method loses
some HI power, i.e., it underestimates the HI amplitude.
The consequence of this is that there is a bias on the recon-
struction of the HI angular power spectra. Using the 40 fre-
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Table 4. Effects of the foregrounds on the cosmological parameters of the wCDM model plus the HI density parameter. The Planck
data are the 2015 release and include temperature and polarization spectra. BINGO simulated data include by HI signal plus thermal
noise without component separation (baseline) and by the GNILC reconstructed HI signal plus thermal noise (GNILC). We also include
the difference between the Planck + BINGO mean parameter value and the baseline value divided by the respective standard deviation,
σ (“parameter bias”). All parameter biases are within the interval [−1.4, 1.4]σ.
Parameters Baseline Planck + BINGO (baseline) Parameter bias (σ) Planck + BINGO (GNILC) Parameter bias (σ)
Ωbh
2 0.02224 0.02218± 0.00014 −0.43 0.02218± 0.00015 −0.40
Ωch2 0.1198 0.1205± 0.0014 0.50 0.1208± 0.0013 0.77
h 0.673 0.668± 0.009 −0.55 0.677± 0.011 0.36
τ 0.081 0.077± 0.017 −0.24 0.069± 0.016 −0.75
ns 0.9641 0.9616± 0.0047 −0.53 0.9582± 0.0044 −1.34
ln (1010As) 3.096 3.089± 0.033 −0.21 3.075± 0.031 −0.68
w −1.0 −1.00± 0.04 0.00 −1.03± 0.05 −0.60
ΩHI (×104) 6.20 6.33± 0.22 0.59 5.94± 0.25 −1.04
quency channels that we consider in our cosmological analy-
sis, we obtain an average normalized difference between the
GNILC reconstructed power spectrum and the theoretical
power spectrum of −5.5% (in Fig. 7 we show only one fre-
quency channel, the middle one, which happens to have an
average normalized difference of ≈ −3%).
We now consider the wCDM scenario and summarize
our results at Table 4, where we compare the cases with and
without component separation. The component separation
bias has mostly affected ns and ΩHI – both parameters are
more than 1σ away from their baseline value. The bias on
ΩHI, for instance, can be visualized in Fig. 5, where we plot
the 2D-posterior for w and ΩHI. Although the biases on all
the other parameter are inside their respective 1σ error, their
mean, as can be seen by comparing the parameter bias of the
Planck + BINGO (baseline) case with the parameter bias of
the Planck + BINGO (GNILC) case, have been affected by
the foregrounds. For instance, Ωch
2 and τ are almost three-
quarters of a standard deviation away from their baseline
value.
We now make some comments about our simulations.
First, our results are not completely general; if we include
systematics for instance, we may obtain larger and therefore
more significant biases on our cosmological parameters than
the ones we quote here. Second, we are ignoring any extra
uncertainty on the measurement of the HI power spectra
that arises from the foreground cleaning procedure. If we
do this, the error bars on our power spectrum will increase
and the parameter bias will decrease (remember that the
reason for the existence of a parameter bias due to an im-
perfect foreground cleaning procedure is the relatively high
precision BINGO measurements of the HI power spectrum).
Additionally, as can be seen in Fig. 7, because of the use
of wavelets by GNILC, there is a non-negligible correlation
between neighboring ` bins in the final estimation of the HI
power spectrum. In a more general analysis, the quantifi-
cation of this correlation should be present in the assumed
likelihood. Finally, we have tested a single foreground model
but the exact characteristics of the foreground sky are un-
known. Given these facts, we should see our results as an
indication of the level of accuracy that we may obtain on
our cosmological parameters due to an imperfect foreground
cleaning procedure. Nevertheless, the typical accuracy of a
few % (in the reconstruction of the HI power spectrum) that
we see in our analyses is promising for IM experiments.
5.3 Redshift Dependent HI Density
As BINGO and IM measurements in general will probe the
HI emission across cosmic time, our simulation of the HI
signal, to be more realistic, should consider an HI density
parameter that evolves with redshift. So far, for simplicity,
we have assumed the HI density parameter to be constant
and used the value ΩHI = 6.2×10−4 as measured by Switzer
et al. (2013) using the Green Bank Telescope at z ∼ 0.8. To
consider the evolution of the HI density with redshift, we
need to use a more complex model. We do this by consider-
ing the two-parameters model suggested by Crighton et al.
(2015):
ΩHI = Ω
0
HI(1 + z)
α, (25)
where Ω0HI = 4× 10−4 and α = 0.6.
We consider the ΛCDM and the wCDM scenarios, and,
in addition to the cosmological parameters of these models,
we allow Ω0HI and α to be free parameters in our Bayesian
analysis, increasing the complexity of our parameter space.
For the ΛCDM cosmology, the results that we obtain by
combining Planck with BINGO (without component sepa-
ration) for these two parameters are
Ω0HI (×104) = 4.11± 0.08, (26)
α = 0.57± 0.03.
These results show us that BINGO has the potential to de-
tect the evolution of ΩHI with redshift with a reasonable
precision (2% for Ω0HI and 5% for α). For the wCDM cos-
mology, on the other hand, the results that we obtain by
combining Planck with BINGO (without component sepa-
c© 2002 RAS, MNRAS 000, 1–18
Cosmology with HI intensity mapping 13
ration) are
w = −1.01± 0.06 (27)
Ω0HI (×104) = 4.06± 0.18,
α = 0.57± 0.04.
A more complex ΩHI leads to a larger uncertainty on
w: the uncertainty on w increases from ∆w = 0.04 in the
case of a constant ΩHI to ∆w = 0.06 in the case of a two-
parameters model for it. The reason for this increase is that
we now have three quantities that change the overall am-
plitude of the HI angular power spectrum, Ω0HI, α, and w,
and these are degenerate with each other making our deter-
mination of w less precise. Also, because we now have one
extra function of redshift in the HI temperature, Eq. 3, the
ability of the BINGO experiment to discriminate between it
and the growth factor is reduced.
We make a final remark about the overall amplitude
of the cosmological signal. As well as assuming a constant
HI bias, we have ignored the overall amplitude calibration
uncertainty associated with any real measurement. For a
radio experiment this is likely to be in the range ∼ 1–10%
and thus any constraints relying on the absolute amplitude
should take this additional source of uncertainty into ac-
count. However, parameters relying on the relative ampli-
tude of the HI power as a function of redshift (for example)
should be less affected since relative calibration is typically
more accurate than absolute calibration.
5.4 HI Bias
The main challenge for using the HI angular power spec-
trum to constrain cosmological parameters is the fact that
we do not know how the HI bias evolves with redshift and
scale (see e.g., Padmanabhan et al. 2015; Pe´nin et al. 2017).
This requires that we use some form of parametrization for
them. As a case of study, we use polynomial models as this
parametrization. For the redshift evolution, we use a three-
parameter model,
bHI(z) = b
z
0 + b
z
1z + b
z
2z
2, (28)
where bz0 = 0.67, b
z
1 = 0.18, and b
z
2 = 0.05, which fits the
values for b(z) from Bull (2016). For the dependency on
wavenumber, we adapt the approach of Sarkar et al. (2016)
to our redshift range, and use a three-parameter model
bHI(k) = b
k
0 + b
k
1k + b
k
2k
2, (29)
where bk0 = 1.0, b
k
1 = −1.1 Mpc, and bk2 = 0.4 Mpc2. It
should be noted that such models are not driven by data
and therefore must be seen just as toy models.
In addition to the cosmological parameters of the
wCDM model, we let the HI bias parameters (three param-
eters) and the HI density parameter (one parameter in this
case) to be free in our Bayesian analysis. The results that we
obtain for the case of the redshift-dependent HI bias using
Planck plus BINGO (without component separation) are
w = −0.99± 0.06, (30)
bz0 = 0.71± 0.04,
bz1 = 0.15± 0.11,
bz2 = 0.10± 0.17,
ΩHI (×104) = 6.11± 0.40.
For the case of the wavenumber-dependent HI bias using
Planck plus BINGO (without component separation) the
results are
w = −0.96± 0.05, (31)
bk0 = 1.06± 0.09,
bk1 (in Mpc) = −1.16± 0.18,
bk2 (in Mpc
2) = 0.28± 0.27,
ΩHI (×104) = 6.22± 0.50.
We see that the HI bias affects the BINGO constraint on
w. Its uncertainty, as expected, increases compared to the
value we quote in Eq. (22). The first parameter of the 3-
parameters polynomial models has the most significant ef-
fect on the HI power spectrum; the other two, because of the
small redshifts and relatively large scales being probed, do
not significantly affect our observable, and hence they can-
not be well constrained by BINGO. This, however, is not
a general result. For experiments that are going to observe
the HI signal at larger redshifts (z > 1), as, for instance,
the SKA experiment, the higher order terms of the redshift
expansion of the HI bias will have a more significant effect
on the HI angular power spectrum.
We now study the effect that we have on w when we
assume a model in our analysis that is different from the one
that we use in our simulations. Here, we still simulate our
HI maps with the 3-parameters polynomial models for the
HI bias given by Eqs. (28) and (29), but parametrize them
with a power-law, bHI = A(1 + Bx)
α, where x can either
be z or k and A, B, and α are now the free parameters
that we fit for. The result that we obtain in the case of the
redshift-dependent HI bias using Planck plus BINGO (no
foregrounds) for the dark energy equation-of-state is
w = −0.98± 0.05. (32)
In the case of the wavenumber-dependent HI bias, on the
other hand, by using Planck plus BINGO (no foregrounds),
we obtain
w = −0.96± 0.07. (33)
The results above show that the values we quote for w
in Eqs. (30) and (31) are not strongly dependent on the as-
sumed analytical formula of the HI bias. Of course, the above
analysis is just a case of study and not a general procedure.
Nevertheless, it indicates that as long as the HI bias has a
mild dependency on redshift and scale, a simple analytical
formula can take care of any potential bias on w, at least for
sensitivity levels comparable to BINGO or other stage I/II
experiments (Albrecht et al. 2006; Bull et al. 2015).
5.5 BAO
Until now, we have been using the full shape of the HI an-
gular power spectrum as our cosmological data. There is,
however, another way to use the HI IM data to constrain
the cosmological parameters, which is to isolate the baryon
acoustic oscillations (BAO) from the HI angular power spec-
trum (Battye et al. 2013). With this method, the power spec-
trum of the two dimensional distribution of the HI signal is
computed for each redshift bin and, assuming that the power
spectrum of the HI is only biased relative to the underlying
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Table 5. Summary of constraints on the dark energy equation-of-state w (assuming the wCDM model) when using BINGO plus Planck
data, for various different scenarios of complexity and analyses. The baseline value is w = −1.
Scenario Constraint on w (Planck + BINGO)
Power spectrum, no foregrounds and fixed ΩHI −1.02± 0.02
Power spectrum and no foregrounds −1.00± 0.04
Power spectrum with foregrounds cleaned by GNILC −1.03± 0.05
Power spectrum, no foregrounds and redshift-dependent ΩHI −1.01± 0.06
Power spectrum, no foregrounds and redshift-dependent bHI −0.99± 0.06
Power spectrum, no foregrounds and wavenumber-dependent bHI −0.96± 0.05
BAO wiggles and no foregrounds −1.03± 0.07
BAO wiggles with foregrounds cleaned by GNILC −1.01± 0.08
dark matter distribution by some overall scale-independent
constant, the acoustic scale, which is a function of the cos-
mological parameters, can then be extracted.
In order to estimate the error on the measurement of
the acoustic scale, `A, we follow Blake & Glazebrook (2003)
and fit a decaying sinusoidal function to the projected data,
making the necessary adaptations from going from a 3-
dimensional space to a 2-dimensional space. It is this a priori
knowledge of the BAO wiggles that allows the acoustic scale
to be measured accurately with relatively low signal-to-noise
ratio. Once we have a measurement of `A, we relate it to our
cosmology by using the following relation,
`A ≈ 2pi
s
r(z), (34)
where s is the size of the sound horizon and r(z) is the
comoving distance.
We use the same 40 frequency channels that we have
used for the HI angular power spectra case. We assume that
our likelihood is a standard Gaussian distribution and that
each redshift bin is independent from each other. Ignoring
the astrophysical foregrounds, we obtain the following con-
straint on w by combining Planck with the BAO as mea-
sured by BINGO,
w = −1.03± 0.07. (35)
The constraint on w is worse by almost a factor of 2
when filtering the BAO wiggles compared to using the full
shape of the HI angular power spectrum (Eq. (22)). This
result is expected because the full HI angular power spectra
contains more statistical information than the BAO wiggles
alone (Rassat et al. 2008). The use of the BAO wiggles,
however, does have some advantages. The most important
is that the BAOs do not depend on the overall amplitude
of the HI angular power spectra, making them potentially
more robust to foregrounds and the modelling of the HI bias.
We remark that our result is significantly better than
the results presented by Battye et al. (2013) for two main
reasons: first, the sky coverage of the BINGO experiment
has increased due to the larger field-of-view resulting in a
smaller cosmic variance, and second, the analysis of Battye
et al. (2013) used a simplified binning (and shifting) of the
BAO wiggles to a single redshift bin at z = 0.3 resulting in
some loss of information.
When considering foregrounds, we find smaller compo-
nent separation biases on the cosmological parameters. The
component separation bias on ns (the most affected parame-
ter in the power spectrum case; see Section 5.2), for instance,
is now −0.2σ, which is significantly smaller than the value
that we obtained by using the HI power spectra (−1.3σ in
this case). This is an example of where the BAO wiggles are
potentially more robust than the power spectrum as a whole.
For w, on the other hand, we obtain w = −1.01±0.08, which
again is worse than the result that we obtain by using the
power of the power spectrum in similar conditions (in the
presence of foregrounds).
We summarize all our constraints on w from BINGO
plus Planck in Table 5. The overall picture is that for a
stage II experiment like BINGO w can be constrained to
a precision of better than ≈ 8% using the BAO wiggles or
≈ 5% using the power spectrum, as long as systematic errors
can be controlled.
5.6 SKA
As BINGO is considered a stage II experiment (Albrecht
et al. 2006; Bull et al. 2015), its results should be compara-
ble to current BAO measurements, such as WiggleZ (Kazin
et al. 2014) and BOSS (Anderson et al. 2014). HI IM exper-
iments such as SKA (Maartens et al. 2015), which aims to
study the formation and evolution of the first galaxies, dark
matter, dark energy, and gravity, can perform better. Thus,
to show the full potential of HI IM, we now consider briefly
the SKA experiment using the auto-correlation approach,
i.e., in total-power, single-dish mode.
We model the Phase 1 of the SKA-MID instrument as
describe in Section 2.2. In our likelihood analysis, as we have
done for BINGO, we consider 40 frequency channels equally
spaced in the frequency band. We bin our power spectrum
with a multipole bin of ∆` = 4 and our multipole range here
depends on the frequency-dependent beam size, but for most
of the cases it is given by 5 6 ` 6 360.
We consider two cosmological scenarios here: wCDM
and ΛCDM with massive neutrinos. For simplicity, in what
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Table 6. Summary of constraints on the dark energy equation-of-state w (assuming the wCDM model) and the sum of the neutrino
masses
∑
mν (assuming the ΛCDM with massive neutrinos model) when using SKA-MID plus Planck data. The baseline values are
w = −1 and ∑mν = 0.06 eV.
Scenario wCDM Massive neutrinos (95% upper limit)
SKA-MID band 1, no foregrounds w = −0.99± 0.04 ∑mν < 0.11 eV
SKA-MID band 2, no foregrounds w = −1.01± 0.02 ∑mν < 0.08 eV
SKA-MID band 2, no foregrounds and redshift-dependent ΩHI w = −1.01± 0.03
∑
mν < 0.11 eV
SKA-MID band 2, no foregrounds and redshift-dependent bHI w = −1.02± 0.04
∑
mν < 0.11 eV
SKA-MID band 2, no foregrounds and wavenumber-dependent bHI w = −0.99± 0.03
∑
mν < 0.12 eV
follows, no foregrounds, a constant and fixed bHI and a con-
stant but free ΩHI are assumed. For the wCDM scenario,
the mean and 1σ error on w that we obtain by combining
Planck with SKA-MID band 1 are
w = −0.99± 0.04 [Planck + SKA−MID band 1], (36)
and with SKA-MID band 2 are
w = −1.01± 0.02 [Planck + SKA−MID band 2]. (37)
We see that band 2 of SKA-MID is better than band
1 to constrain the dark energy equation-of-state. The rea-
son for this is two-fold: first, the redshift range of band 1,
z = [0.35, 3.0], is mostly outside the dark energy dominated
epoch (z . 1) and does not go to very low redshift (z ∼ 0.1)
unlike band 2. Second, the beam size of band 1 is almost
twice the size of band 2 so it cannot, for most of its frequency
channels, explore the relevant high multipoles (` & 150) of
the angular power spectrum.
For the ΛCDM with massive neutrinos case, the 95%
upper limit that we obtain on
∑
mν by combining Planck
with SKA-MID band 1 is∑
mν < 0.11 eV [Planck + SKA−MID band 1], (38)
and with SKA-MID band 2 is∑
mν < 0.08 eV [Planck + SKA−MID band 2]. (39)
For the ΛCDM with massive neutrinos case, we see that
both bands give similar results when combined with Planck
data. Both results are significantly better than the combi-
nation of BINGO with Planck and of the current best con-
straint on
∑
mν (upper 95% limit of 0.42 and 0.23 eV, re-
spectively). The above results are better than the current
results even when more datasets are considered. Giusarma
et al. (2016), for instance, find an upper 95% limit of 0.18 eV
by adding the BOSS full shape of the power spectrum to the
Planck and BAO data and Vagnozzi et al. (2017) find an up-
per 95% limit of 0.15 eV by adding an external constraint on
the optical depth to reionization, τ . These results show that
SKA-MID, because it can measure the overall shape of the
HI power spectrum with good precision over a wide range of
redshifts, has the potential to give results for
∑
mν that ap-
proach the 95% lower limit (
∑
mµ > 0.06 eV) obtained from
oscillation data (Gonzalez-Garcia et al. 2016). This particu-
lar result shows that the energy scale of the neutrino masses
will be very soon in the reach of cosmology, particularly if
different probes, such as redshift surveys and weak lensing
surveys, are combined to constrain
∑
mν .
We now add a few extra complications to our SKA-MID
band 2 analysis. First, we make ΩHI to be redshift dependent
and then bHI to be redshift and wavenumber dependent,
using for this the models defined by Eqs. 25, 28, and 29. For
the wCDM scenario, the new results are
w = −1.01± 0.03 [Redshift− dependent ΩHI], (40)
w = −1.02± 0.04 [Redshift− dependent bHI],
w = −0.99± 0.03 [Wavenumber− dependent bHI].
For ΛCDM with massive neutrinos scenario, the new results
are
∑
mν < 0.11 eV [Redshift− dependent ΩHI], (41)∑
mν < 0.11 eV [Redshift− dependent bHI],∑
mν < 0.12 eV [Wavenumber− dependent bHI].
The overall picture is then that SKA-MID band 2 can con-
strain w to a precision of better than ≈ 4% and can obtain
a upper limit (95%) of . 0.12 for
∑
mν using the power
spectrum, as long as systematic and foregrounds errors can
be controlled. Note that more conservative analyses than
ours put an upper limit (95%) of . 0.2 eV for
∑
mν (e.g.,
Villaescusa-Navarro et al. 2015).
We summarize our baseline results for SKA phase-1 op-
erating in auto-correlation mode in Table 6.
6 CONCLUSIONS AND DISCUSSION
The main goal of this work was to prove the feasibility of
using the HI angular power spectrum to constrain the cos-
mological parameters, and in particular, the dark energy
equation-of-state w. To achieve this, we first made an ide-
alized simulation of the BINGO experiment, in which we
assumed that there was no foregrounds and that the HI am-
plitude could be parametrized by a single parameter, and
then made several complications to this simple simulation
to see how robust our baseline results were. A summary of
the main results on the constraints on w are presented in
Table 5.
In the ideal case, with no systematics or foregrounds,
c© 2002 RAS, MNRAS 000, 1–18
16 L.C.Olivari
we found that the combination of BINGO and Planck 2015
data can constrain w to a precision of 4% when fitting for
the power spectrum. This can be considered as the optimal
baseline result for a stage II experiment like BINGO.
The first complication was then to consider the pres-
ence of foregrounds emissions in our data. To remove these
foregrounds from the observed data we used the GNILC al-
gorithm (Olivari et al. 2016). Although a small (≈ 6 %) loss
of HI power was observed, it was not large enough to signifi-
cantly bias our cosmological parameters. Only two of them,
ns and ΩHI, suffered a bias of more than 1σ. The uncertainty
on w was increased to 5%.
The second complication was to let the HI density pa-
rameter evolve with redshift. For this, we chose a two-
parameter model (see Eq. (25)) for ΩHI, which led to a larger
uncertainty on w (∆w = 0.06). The reason for this is that
now three quantities change the overall amplitude of the HI
angular power spectrum, Ω0HI , α, and w, and these are de-
generate with each other making our determination of w less
precise.
The third complication was to consider a redshift-
dependent and a wavenumber-dependent HI bias, using 3-
parameters polynomial models (Eqs. (28) and (29)). For the
redshift-dependent case, we obtained a uncertainty of 6% for
w, while for the wavenumber-dependent case, we obtained a
uncertainty of 5% for w. We also found that even if we choose
the wrong parametrization of the HI bias, we can still mea-
sure the dark energy equation-of-state without a strong bias
or increase in its uncertainty. This situation, however, could
be different if we go to higher redshifts or probe smaller or
larger scales than BINGO.
We also considered the use of the BAO wiggles alone
as our BINGO cosmological data, rather than using the full
power spectrum. As expected, it gave us worse constraints
than the use of the HI angular power spectra by approxi-
mately a factor of 2. The use of the BAO wiggles, however,
showed to be more robust to foregrounds since it does not de-
pend on the overall amplitude of the HI angular power spec-
tra. Yet, even in the presence of extra nuisance parameters
for the HI bias and amplitude, the power spectrum appears
to still be potentially more powerful than the BAO wig-
gles alone. Clearly, both types of analyses should be made,
providing a quasi-independent measurement of w with po-
tentially different limiting systematics.
To show the full potential of HI IM, we also consid-
ered briefly the Phase 1 of the SKA-MID experiment in
our work. Assuming only thermal noise, we found that its
band 2 can give us a significantly better constraint on w
(∆w = 0.02) than BINGO, while its band 1 can give us
a similar constraint than BINGO (∆w = 0.04). For the
ΛCDM with massive neutrinos case, however, we found that
both bands when combined with Planck give a better con-
straint on
∑
mν than the one we obtained by combining
BINGO with Planck. We have also found that even in the
presence of extra nuisance parameters, the results obtained
by combining SKA-MID band 2 with Planck – ∆w . 0.04
and an upper limit (95%) on
∑
mν of . 0.12 – are signifi-
cantly better than the current results, which, it is worth to
say, make use of CMB, BAO, supernovae and H0 data while
in our work we have combined SKA only with Planck.
The main shortcoming of our analysis, as we mentioned
before, is our simplification of the BINGO and the SKA ex-
perimental setups. We have ignored several systematics that
may be present in the real data, such as 1/f noise, atmo-
spheric noise, standing waves, real beams and calibration
errors. These systematics will potentially make the HI sig-
nal reconstruction process less precise than the 6% level that
we have obtained in this work for the case of BINGO data
in the presence of foregrounds. However, as has been stated
before, as cosmological probes become more precise, the ac-
curacy of the results in the presence of systematic errors will
become the limiting factor. Therefore, independent probes,
using different techniques with different systematics, will be
essential for understanding discrepancies between datasets.
We also used a simple model for the HI signal. We have
ignored, for example, the correlation between different red-
shift bins and the redshift space distortion contribution to
the HI angular power spectrum. These effects can be im-
portant and should be considered for future analyses. This
is particularly true if we want to use HI IM to constrain
the combination of growth rate with the normalization of
the matter power spectrum, σ8f(z), which can be used to
constrain modified gravity models (Hall et al. 2013; Santos
et al. 2015; Bull 2016).
Given the results presented here and the development
of IM surveys in general, we can expect IM to become a
major tool for cosmology in the next few years, particularly
with large facilities coming online over the next decade such
as the SKA.
ACKNOWLEDGMENTS
LCO acknowledges funding from CNPq, Conselho Na-
cional de Desenvolvimento Cient´ıfico e Tecnolo´gico - Brazil.
CD and MR acknowledge support from an ERC Start-
ing (Consolidator) Grant (no. 307209). CD and RAB ac-
knowledge support from an STFC Consolidated Grant
(ST/P000649/1). AAC acknowledges FAPESP, Sa˜o Paulo
Research Foundation, for financial support under grant
number 2016/04797-9.
REFERENCES
Abbott T. et al., 2016, Phys. Rev. D, 94, 022001
Abdalla F. B., Rawlings S., 2005, MNRAS, 360, 27
Ahmad Q. R. et al., 2001, Physical Review Letters, 87,
071301
Akaike H., 1974, IEEE Transactions on Automatic Control,
19, 716
Albrecht A. et al., 2006, Report of the Dark Energy Task
Force [arXiv:0609591]
Alonso D., Bull P., Ferreira P. G., Santos M. G., 2015,
MNRAS, 447, 400
Amendola L. et al., 2013, Living Reviews in Relativity, 16
Anderson L. et al., 2014, MNRAS, 441, 24
Bandura K. et al., 2014, in Society of Photo-Optical In-
strumentation Engineers (SPIE) Conference Series, Vol.
9145, Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series, p. 22
Battye R. et al., 2016, Proceedings of 51st Recontres de
Moriond
c© 2002 RAS, MNRAS 000, 1–18
Cosmology with HI intensity mapping 17
Battye R. A., Browne I. W. A., Dickinson C., Heron G.,
Maffei B., Pourtsidou A., 2013, MNRAS, 434, 1239
Battye R. A., Davies R. D., Weller J., 2004, MNRAS, 355,
1339
Benitez N. et al., 2014, J-PAS Red Book [arXiv:1403.5237]
Betoule M. et al., 2014, A&A, 568, A22
Beutler F. et al., 2011, MNRAS, 416, 3017
Bigot-Sazy M.-A. et al., 2015, MNRAS, 454, 3240
Blake C., Glazebrook K., 2003, ApJ, 594, 665
Bull P., 2016, ApJ, 817, 26
Bull P., Ferreira P. G., Patel P., Santos M. G., 2015, ApJ,
803, 21
Carucci I. P., Villaescusa-Navarro F., Viel M., 2017, JCAP,
4, 001
Chang T.-C., Pen U.-L., Bandura K., Peterson J. B., 2010,
Nature, 466, 463
Chen X., 2012, International Journal of Modern Physics
Conference Series, 12, 256
Crighton N. H. M. et al., 2015, MNRAS, 452, 217
Dawson K. S. et al., 2013, AJ, 145, 10
Delabrouille J. et al., 2013, A&A, 553, A96
Dickinson C., 2014, Proceedings of 49th Recontres de
Moriond [arXiv:1405.7936]
Dickinson C., Davies R. D., Davis R. J., 2003, MNRAS,
341, 369
Efstathiou G., 2014, MNRAS, 440, 1138
Eisenstein D. J., Hu W., 1998, ApJ, 496, 605
Foreman-Mackey D., Hogg D. W., Lang D., Goodman J.,
2013, PASP, 125, 306
Fukuda Y. et al., 1998, Physical Review Letters, 81, 1562
Giusarma E., Gerbino M., Mena O., Vagnozzi S., Ho S.,
Freese K., 2016, Phys. Rev. D, 94, 083522
Gonzalez-Garcia M. C., Maltoni M., Schwetz T., 2016, Nu-
clear Physics B, 908, 199
Go´rski K. M., Hivon E., Banday A. J., Wandelt B. D.,
Hansen F. K., Reinecke M., Bartelmann M., 2005, ApJ,
622, 759
Hall A., Bonvin C., 2017, Phys. Rev. D, 95, 043530
Hall A., Bonvin C., Challinor A., 2013, Phys. Rev. D, 87,
064026
Haslam C. G. T., Salter C. J., Stoffel H., Wilson W. E.,
1982, A&AS, 47, 1
Kazin E. A. et al., 2014, MNRAS, 441, 3524
Kogut A., 2012, ApJ, 753, 110
Kogut A. et al., 2007, ApJ, 665, 355
Lesgourgues J., Pastor S., 2012, Adv. High Energy Phys.
2012 (2012) 608515
Levi M. et al., 2013, DESI Whitepaper for Snowmass con-
ference 2013 [arXiv: 1308.0847]
Lewis A., Challinor A., Lasenby A., 2000, ApJ, 538, 473
Limber D. N., 1953, ApJ, 117, 134
Loeb A., Wyithe J. S. B., 2008, Physical Review Letters,
100, 161301
Loverde M., Afshordi N., 2008, Phys. Rev. D, 78, 123506
LSST Dark Energy Science Collaboration, 2012, arXiv:
1211.0310
Maartens R., Abdalla F. B., Jarvis M., Santos M. G., SKA
Cosmology SWG f. t., 2015, SKA Cosmology Chapter,
Advancing Astrophysics with the SKA (AASKA14)
Madau P., Meiksin A., Rees M. J., 1997, ApJ, 475, 429
Masui K. W., Schmidt F., Pen U.-L., McDonald P., 2010,
Phys. Rev. D, 81, 062001
Masui K. W. et al., 2013, ApJ, 763, L20
Mehta K. T., Seo H.-J., Eckel J., Eisenstein D. J., Metchnik
M., Pinto P., Xu X., 2011, ApJ, 734, 94
Miville-Descheˆnes M.-A., Ysard N., Lavabre A., Ponthieu
N., Mac´ıas-Pe´rez J. F., Aumont J., Bernard J. P., 2008,
A&A, 490, 1093
Newburgh L. B. et al., 2016, in Proc. SPIE, Vol. 9906,
Ground-based and Airborne Telescopes VI, p. 99065X
Olivari L. C., Remazeilles M., Dickinson C., 2016, MNRAS,
456, 2749
Overzier R. A., Ro¨ttgering H. J. A., Rengelink R. B.,
Wilman R. J., 2003, A&A, 405, 53
Padmanabhan H., Choudhury T. R., Refregier A., 2015,
MNRAS, 447, 3745
Peccei R., Sol J., Wetterich C., 1987, Physics Letters B,
195, 183
Pe´nin A., Umeh O., Santos M., 2017, submitted to MNRAS
[arXiv:1706.08763]
Peterson J. B., Bandura K., Pen, 2006, in Proceedings of
41st Recontres de Moriond
Planck Collaboration et al., 2016a, A&A, 594, A13
Planck Collaboration et al., 2016b, A&A, 594, A11
Planck Collaboration et al., 2016c, A&A, 596, A109
Pourtsidou A., Bacon D., Crittenden R., Metcalf R. B.,
2016, MNRAS, 459, 863
Rassat A. et al., 2008, submitted to MNRAS [arXiv:
0810.0003]
Ratra B., Peebles P. J. E., 1988, Phys. Rev. D, 37, 3406
Remazeilles M., Delabrouille J., Cardoso J.-F., 2011, MN-
RAS, 418, 467
Remazeilles M., Dickinson C., Banday A. J., Bigot-Sazy
M.-A., Ghosh T., 2015, MNRAS, 451, 4311
Ross A. J., Samushia L., Howlett C., Percival W. J., Burden
A., Manera M., 2015, MNRAS, 449, 835
Rybicki G., Lightman A., 2004, Radiative Processes in As-
trophysics. John Wiley & Sons
Santos M. G. et al., 2015, arXiv: 1501.03989
Sarkar D., Bharadwaj S., Anathpindika S., 2016, MNRAS,
460, 4310
Shaw J. R., Sigurdson K., Pen U.-L., Stebbins A., Sitwell
M., 2014, ApJ, 781, 57
Smoot G. F., Debono I., 2017, A&A, 597, A136
Switzer E. R., Chang T.-C., Masui K. W., Pen U.-L.,
Voytek T. C., 2015, ApJ, 815, 51
Switzer E. R. et al., 2013, MNRAS, 434, L46
Tegmark M., et al., 2004, ApJ, 606, 702
Vagnozzi S., Giusarma E., Mena O., Freese K., Gerbino
M., Ho S., Lattanzi M., 2017, arXiv:1701.08172
Verde L. et al., 2002, MNRAS, 335, 432
Verde L. et al., 2003, ApJS, 148, 195
Villaescusa-Navarro F., Alonso D., Viel M., 2017, MNRAS,
466, 2736
Villaescusa-Navarro F., Bull P., Viel M., 2015, ApJ, 814,
146
Wilson T. L., Rohlfs K., Hu¨ttemeister S., 2013, Tools of
Radio Astronomy. Springer Berlin Heidelberg
Wolz L., Abdalla F. B., Blake C., Shaw J. R., Chapman
E., Rawlings S., 2014, MNRAS, 441, 3271
Wolz L. et al., 2017, MNRAS, 464, 4938
Wolz L., Tonini C., Blake C., Wyithe J. S. B., 2016, MN-
RAS, 458, 3399
Zhao G.-B. et al., 2016, MNRAS, 457, 2377
c© 2002 RAS, MNRAS 000, 1–18
18 L.C.Olivari
Zuntz J. et al., 2015, Astronomy and Computing, 12, 45
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
c© 2002 RAS, MNRAS 000, 1–18
